The conversion efficiency of a TE module can be calculated by using the equation
(1).
where T H , T C , ZT are hot-side temperature, cold-side temperature and dimensionless of figure merit of the TE materials, respectively.
The TE module was measured using the commercial PEM-2 system. The efficiency can be calculated using equation (2), where the P out and Q out are the output power of the TE module and the heat flow out of the TE module, respectively.
The heat flow out of the TE module Q out can be calculated from equation (3), where is ,A are the thermal diffusivity of the heat sink (made of high purity copper) and the area of the heat sink (which is closed to the area of the TE module). T 2 and T 3 are the temperatures of the two different points in the middle of the heat sink. L is the distance between T 2 and T 3 .
Based on the measured TE materials properties, the ANSYS software is used to simulate the temperature distribution, I-V curve, output power, and conversion efficiency of the TE module, so that we can estimate the contribution of different effects to the reduced measured efficiency, as described below.
The HH modules in the manuscript are not filled with thermal isolation. Furthermore, the measurements are carried out under vacuum with little amount of Ar. When the module was set up in a high temperature and a large temperature difference between hot side and cold side, the convection and the radiation will take heat from the module hot side to the module cold side (See Supplementary Fig. 10 ). In practice, the measured heat flows Q out include the heat from the TE module, the convection heat, and the radiation heat from the hot side to the cold side. In this case, the measured heat flow will higher than that of the TE module, resulting in the underestimated efficiency. Based on the equation (4), Φ H,C ≈ 7.77 / (1/ε H + 1/ε C -1), where ε  = ε C = 0.8. The radiation loss Φ H,C is about 5.18 W, corresponding to the total heat flow of 134 W. Therefore, the contribution of radiation loss to reduced efficiency is negligible, only ~0.2% underestimated efficiency. Meanwhile, the simulated convection heat loss is about 37 W, which is higher than that of radiation loss, and contributes to ~2.2% underestimation of efficiency.
In addition, Supplementary Fig. 11 shows the temperature distribution in the TE module when the module hot side temperature (T H ) and the module cold side In practice, there are contact electrical and thermal resistances at the interfaces between electrode and TE materials, isolate substrate and electrode, and module and heat sink. Based on the measured contact conductivity of 20 cm 2 , the calculated temperature distribution of TE materials is shown in Supplementary Fig. 11b .
Actually, the contact electrical and thermal resistance will cause a reduced Supplementary Fig. 12 ), significantly lower than the ideal case of 11.3 %. Therefore, based on the simulation results, the maximum possible contribution to the reduced conversion efficiency is poor contact properties in the TE module.
In summary, the reduced value between theoretical and experimental efficiency is due to the radiation loss, convection loss and contact resistance. The contact and convection heat loss play key roles in the reduction of the measured efficiency.
Further improvement in contact and using thermal isolation in the module will significantly increase the conversion efficiency.
